In the paper, a universal compensation method is presented to improve the imbalance of a trans-directional coupled-line (TRD-CL) based balun caused by the inevitable physical separation between the TRD-CLs. Using this method, the input mismatch and output imbalance can be effectively solved. Moreover, since the compensation is achieved by shortening the two TRD-CLs instead of adding additional stubs, size miniaturization is maintained. Design formulas are derived using the signal flowchart and even-odd mode analysis. A prototype operating at 1.6 GHz is also designed and measured to verify the proposed method.
INTRODUCTION
Baluns, which transform unbalanced signals to balanced signals, are key components in the applications of mixers, doublers, and balun filters [1] [2] [3] . Antenna matching is also an important application for baluns, especially balanced antennas [4] [5] [6] . Among them, Marchand baluns are popular configurations due to the simplicity and wideband performance. In recent years, Marchand baluns have gained great progress in many aspects, including impedance transformation [7, 8] , isolation circuit [9] , and miniaturization [10, 11] . However, since the two short-circuited terminals of a Marchand balun should be connected to the ground by via-holes, the production is complicated, and parasitic inductances are induced. Besides, single-layer coupled line based Marchand balun is hard to realize due to the technology limitation for tight couplings. Regarding the above problems, a new type of planar balun composed of two trans-directional coupled lines (TRD-CLs) is proposed [12] . Compared with a coupled line based Marchand balun, the need for tight coupled lines and via-holes is avoided.
Similar to Marchand balun, a connecting segment is also needed by the TRD-CL based planar balun in practice, which deteriorates the input match and output balance. However, in [12] , the influence of the connecting segment is not considered, and no compensation technique is introduced. Although a number of researches allowing for the compensation of the connecting segment have been reported [13] [14] [15] , they are all for Marchand baluns and are not suitable for TRD-CL based planar baluns.
In this paper, a universal compensation method for TRD-CL based planar baluns is proposed. By simply shortening the electrical length of the TRD-CL with recalculated even-and odd-mode impedances, the input mismatch and output imbalance caused by the connecting segment can be processed. In Section 2, a complete set of design equations are derived with signal flowchart and even-odd mode theory. In Section 3, compensated and uncompensated baluns are compared, and a prototype operating at 1.6 GHz is designed as verification, followed by a conclusion in Section 4. Figure 1 shows the schematic of a TRD-CL based planar balun with a connecting segment inserted (electrical length of θ x ). Each of the TRD-CLs has an electrical length of θ c (θ c < 90 • ). The equivalent even-and odd-mode electrical lengths of the TRD-CL are defined as θ e and θ o , respectively, while the equivalent even-and odd-mode characteristic impedances are named as Z 0e and Z 0o , respectively. The characteristic impedance of the connecting segment is defined as Z 0 , and it is equal to the port impedance of the TRD-CLs for impedance matching.
THEORETICAL ANALYSIS
Signal flowchart is utilized to derive S-parameters of the planar balun. For convenience, the transmission and coupling coefficient of the TRD-CL are denoted as T and C, respectively. T 1 represents the transmission coefficient of the connecting segment. Fig. 2 shows the signal flowchart when port 1 is excited, and the numbers 4-8 are the nodes marked in Fig. 1 . According to Fig. 2 , S-parameters of the balun for port 1 excitation can be obtained.
In order to get perfect impedance match and balanced outputs, the following relations should be satisfied:
Substituting Eq. (1a) into Eq. (2a) derives:
Solving Eq. (2b) with Eqs. (1b), (1c), and (3), the transmission and coupling coefficient of the TRD-CL can be obtained:
It is found from Eq. (4) that to realize perfect impedance match and balanced outputs (connecting segment inserted), the coupling of the TRD-CL should be 3 dB, and the phase difference between the coupled and through ports should be 90 • . Based on Eq. (4) and the operating condition of a TRD coupler [16] , S-parameters of the shortened TRD-CL are:
Here, the subscripts are corresponding to the nodes marked in Fig. 1 . S-parameters of the coupler can also be expressed using Eq. (6) according to the even-odd mode theory [17] : 
Thus, the equivalent even-and odd-mode electrical lengths and characteristic impedances can be obtained by substituting Eq. (6) into Eq. (5) .
Here, n is any integer, and n is chosen as 1 for simplicity. It can be observed from Eq. (8) that the equivalent even-and odd-mode electrical lengths and characteristic impedances should be changed along with the connecting segment, resulting in ideal impedance match and balanced outputs.
EXPERIMENTAL RESULTS
To validate the proposed compensation theory, a 1.6-GHz planar balun based on the TRD-CL reported in [18] is designed, as shown in Fig. 3 . It is noted that the proposed compensation method can be applied to arbitrary TRD-CL based planar balun regardless of the practical implementations. Z ce and Z co are the even-and odd-mode characteristic impedances of the CL, while θ c is the electrical length of the CL. The values of the shunt capacitors are C 1 and C 2 . According to Eq. (8) and the design equations for the TRD-CL in [10] , circuit parameters of the designed balun with connecting segments of 10 • and 20 • are calculated, as listed in Table 1 . Fig. 4 (short dash line). It can be clearly seen that the compensation method dramatically improves the performance of the planar balun including the input match and output balance. It is noteworthy that the phase imbalance of the uncompensated balun deteriorates sharply when the electrical length of the inserted connecting segment increases, while the compensation method deals with this problem well. Thus, the theory and approach described in Section 2 are confirmed to be correct and effective.
A prototype with a connecting segment of 10 • was fabricated on an F4B substrate (ε r = 3.2, tan δ = 0.003, h = 1.5 mm). Fig. 5 shows the layout and photograph of the prototype. The main optimized dimensions are: w 1 = 0.65 mm, s 1 = 3.1 mm, l 1 = 27.6 mm, w 2 = 3.6 mm, l 2 = 8 mm, w 3 = 3.6 mm, l 3 = 3.24 mm, C 1 = 1 pF, C 2 = 1.8 pF. Figure 6 shows simulated and measured results of the proposed balun. The measured results, taken by an Agilent N5230A microwave network analyzer, have proved the effectiveness of the proposed method. It is observed from Fig. 6(a) that under the criterion of |S 11 | < −10 dB, the measured frequency is from 1.24 GHz to 2.01 GHz, yielding a relative bandwidth of 48.1%. The discrepancy between the measured and simulated results may be due to capacitance deviations and manufacturing errors. Fig. 6(a) also displays the impedance matching at ports 2 and 3, as well as the isolation between ports 2 and 3. As a three-port network, the balun cannot be lossless, reciprocal, and matched at all ports [17] . Thus, mismatching at ports 2 and 3 is revealed from Fig. 6(a) . To achieve a perfect match at all ports, an additional isolation circuit is needed [9] . Figs. 6(b) and (c) show the output ports amplitude and phase differences of the proposed balun. From 1.24 GHz to 2.01 GHz, the measured |S 21 | and |S 31 | are in the range of 3.2 ± 0.5 dB and 3.1 ± 0.3 dB, respectively, while the measured output ports amplitude imbalance and phase difference are within ±0.5 dB and 180 • ± 6 • , respectively.
CONCLUSION
In the paper, a general compensation method for TRD-CL based planar balun has been developed and analyzed. It processes the input mismatch and output imbalance caused by the connecting segment. To verify the proposed compensation theory, a planar balun operating at 1.6 GHz is designed and fabricated. The effectiveness of the proposed method has been proved by the measured results.
